PURPOSE. The C57BL/6-c 2J (c2J) mouse strain has been shown in earlier studies to be highly resistant to light damage. Subsequent studies related this resistance to an amino acid substitution (leu450met) in a pigment epithelial enzyme (RPE65), which slowed the rate of rhodopsin regeneration. The present study was conducted to examine patterns of photoreceptor death, electrophysiological function (the ERG) and trophic factor expression over the life of the C57BL/6-c 2J retina.
I n a prior study, LaVail et al. 1 screened inbred albino strains of mice from the Jackson Laboratories (Maine) for variations in the resistance of the retina to light damage. The BALB/cJ strain was found to be particularly sensitive to light damage and the C57BL/6-c 2J strain to be particularly resistant. Using these two strains, Danciger et al. 2 subsequently mapped a quantitative trait locus (QTL) that could account for approximately 50% of the light-damage-resistance phenotype, to chromosome 3. The RPE65 gene mapped to this region and, given its role in the regeneration of rhodopsin in the visual cycle, 3 is considered a strong candidate for a role in resistance to light. Whereas mRNA levels of RPE65 are comparable between the two strains, sequencing has revealed a single-base-pair substitution (C to A at codon 450) in the C57BL/6-c 2J . This results in the substitution of methionine for leucine at the corresponding position in RPE65. The role of this substitution in determining resistance to light damage has been confirmed in RPE65 knockout mice, 4 and resistance to light damage can be shown to vary with the leu450met variation by modification of rhodopsin renewal kinetics 5 and with recovery from photobleaching. 6 Both Wenzel at al. 5 and Danciger et al. 2 noted evidence of additional factors contributing to resistance to light damage. Danciger et al. reported several QTLs related to the resistance phenotype that were distinct from the RPE65 site.
The present experiments were designed to assess photoreceptor death and trophic factor expression in the C57BL/6-c 2J strain during normal development. Results suggest that the C57BL/6-c 2J retina is degenerative, with abnormally high rates of photoreceptor death persisting into young adulthood and a significant reduction in the ERG. The rate of photoreceptor death declines to control levels by 1 year, and the ERG persists into late adulthood. The C57BL/6-c 2J retina may provide an example of a "stabilizing degeneration" or "stationary blindness," in which mechanisms of retinal self-protection activated by the early degenerative process act to slow the degeneration of photoreceptors to control levels. in 4% paraformaldehyde for 2 hours and then cryoprotected by immersion in 15% sucrose overnight. Cryosections (20 m) were cut and labeled with the TUNEL technique, as described previously. 9 The TUNEL technique detects the fragmentation of nuclear DNA characteristic of apoptosis. 10 To allow fragmenting DNA of apoptotic cells to be seen against a background of nondegenerative cells (Fig. 1) , the sections were counterstained with a DNA-specific dye, either bisbenzamide or propidium iodide. For bisbenzamide staining, sections were washed briefly in PBS, immersed in a highly dilute (Ͻ1:50,000) solution of bisbenzamide in PBS for 1 to 2 minute, and then washed briefly. For propidium iodide staining, sections were washed briefly in PBS then immersed in a 1:500 solution (0.1 M PBS) for 2 minutes at room temperature. Some sections were labeled with antibodies to FGF-2 and glial fibrillary acidic protein (GFAP), according to previously published protocols.
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Assessment of TUNEL Labeling
The frequency of TUNEL ϩ profiles in a tissue section provides an estimate of the rate of cell death in the population of cells at the time of tissue fixation. TUNEL ϩ photoreceptors were clearly identifiable at P9, at which age the separation of the neuroblast layer into the inner [INL] and outer (ONL) nuclear layers was complete, except at the most peripheral edge of the retina. [11] [12] [13] At P7, the site of the OPL could be identified by early cellular changes, and counts were recorded at this age for the developing INL and ONL. Counts were not attempted at earlier ages. Photoreceptor death rates were estimated as the frequency of TUNEL ϩ profiles in the ONL (expressed as number/per millimeter along a section through the retina), at successive developmental ages, from P9 to adulthood.
To quantify cell death rates, TUNEL-labeled sections of retina were examined by fluorescence microscopy. Sections were analyzed which included or were close to the optic disc. Each section was scanned from one edge to the other in consecutive segments of 400 m. The number of TUNEL ϩ profiles per segment, was recorded separately for the ONL and INL. For each animal, we examined two sections, and for each age of each strain, 3 to 10 animals were examined. Cell death trends did not differ detectably between the albino and pigmented c2J strains, and quantitative data from the two substrains were pooled.
Assessment of FGF-2 and GFAP Immunolabeling
For quantitative comparison of FGF-2 and GFAP labeling, sections were immunolabeled with both antibodies, in the same labeling runs and with identical incubation and processing times. When imaged by confocal microscopy, the photomultiplier was set to match the ranges of labeling to be studied, and the settings were held constant. To minimize cross-talk between the two labels, sequential imaging protocols were used to record FGF-2 labeling (using the green-emitting Alexa488 fluorophore conjugated to goat anti-mouse IgG (HϩL) and GFAP labeling (using the red- 
Retinal Thickness Measurements
Measurements of ONL, INL, and inner to outer limiting membrane (ILM-OLM) thicknesses were taken on digital images of cryosections labeled with DNA-specific dyes (propidium iodide, bisbenzamide). Measurements were made on one section of each eye examined. In each section a total of four measurements were made, at 400 and 1600 m from each edge. The measurements were then averaged for each section.
Electroretinography
At both P100 and P365, electrophysiological recordings were taken in 3 to 7 animals from each of the mouse strains. Methods used were according to previously published protocols. 14 Briefly, mice were dark adapted overnight and placed under dim red illumination. Anesthesia was achieved with intramuscular injections of ketamine (60 mg/kg) and xylazine (10 mg/kg) and pupils were dilated with 0.5% tropicamide. Corneal hydration and electrical contact were maintained with synthetic tears (Viscotears; Carbomer 940 2 mg/g; CIBA Vision, Baulkham Hills, NSW, Australia). Body temperature was maintained close to 37°C with an electric blanket controlled by feedback from a rectal temperature probe (Harvard Apparatus Inc., Holliston, MA). The ERG was recorded between a platinum wire touching the cornea and an Ag/AgCl pellet electrode (Clarke E206; SDR Clinical Technology, Middle Cove, NSW, Australia) in the mouth. Animals were placed in the center of a custom-made Ganzfeld dome (approximately 60 cm in diameter) with the flash source positioned at 45°above the animal's head. The final estimate of flash output (with the Wratten 47 filter; Eastman Kodak) in photoisomerizations per rod per flash was 1.09 ϫ 10 7 (see Yu et al. 14 for methods used to convert irradiance to illuminance units). In practice, the brightest flash used was with attenuation by the 0.7-ND filter ( ϭ 2.18 ϫ 10 6 ). This was of sufficient intensity to elicit saturated a-wave responses.
The a-wave amplitude was measured from baseline to the a-wave trough and implicit time (latency) was measured to the trough peak. The b-wave amplitude was determined from a-wave trough to b-wave peak.
RESULTS
Photoreceptor Death and Survival in C57BL/6-c 2J Retina
Representative TUNEL-labeled regions of BALB/cJ and C57BL/ 6-c 2J retinas are shown in Figures 1A-H at ages P17 to 21, P30, P80, and P365. At these ages, TUNEL ϩ cells were almost exclusive to the ONL, indicating that most dying cells were photoreceptors. TUNEL ϩ ONL cells were most frequent in the P17 to P21 age range and in the C57BL/6-c 2J strain. Also demonstrated is the good preservation of the laminar structure in the C57BL/6-c 2J retina at 12 months (Fig. 1H ).
Quantitative Comparisons of Cell Death
The pattern of cell death in the C57BL/6-c 2J retina, from early postnatal life to young adulthood, is shown in Figures 2A and   2B , with data from the nondegenerative albino BALB/cJ mouse shown for comparison. At the earliest ages measured (P9, P11), TUNEL ϩ profiles were more frequent in the INL than the ONL (Figs. 2A, 2B ), in both C57BL/6-C2J and BALB/cJ retinas. Thereafter, cell death in the INL declined rapidly to near zero at P23. Cell death in the ONL was initially low in both strains, rose to a peak at P15 to P19, and then declined toward adult levels. The rapid diminution of cell death in the INL and the subsequent wave of death in the ONL have been reported previously in the C57BL/6J mouse 8 and in other mammals. 9, 15 Statistically, the frequency of TUNEL ϩ profiles was significantly higher in the C57BL/6-c 2J retina than in the BALB/cJ retina in the INL at P8 and P12 and in the ONL at P9 and from P15 through to P65 (P Ͻ 0.02; two-tailed t-test). In relative terms, the frequency of TUNEL ϩ ONL profiles was approximately twice as high in the C57BL/6-c 2J retina as in the BALB/cJ retina during the period of peak cell death (P15-P19); this ratio rose to 11-fold higher at P65.
The C57BL/6-c 2J is a variant of C57BL/6J stock. There is considerable congruence between the two strains in the time course of photoreceptor death, and in the absolute rates observed (both peak at 10 to 12 TUNEL ϩ profiles per millimeter). Differences between TUNEL ϩ profile frequencies were not significant, except that the P26 value for the C57BL/6J mouse was significantly (P Ͻ 0.05) higher than the values for the BALB/cJ at P23 and P30.
The C57BL/6-c 2J data in Figure 2B combine measurements made on two substrains: one homozygous for the albino mutation (Tyr/Tyr) and one heterozygous (Tyr/ ϩ ) and therefore pigmented. ONL data for the two substrains are separated in Figure 2D . The wave of photoreceptor death appeared to occur 2 to 3 days earlier in the homozygote than in the heterozygote, but the frequency of TUNEL ϩ profiles in the ONL peaked at 20 to 25/mm in both substrains.
Duration of Photoreceptor Degeneration
In the young adult (Fig. 3A) , the frequency of TUNEL ϩ profiles in the INL was low in all strains (Ͻ1 TUNEL ϩ profile per millimeter). TUNEL ϩ frequencies in the ONL were several-fold higher in C57BL/6-c 2J strains than in either control, and the differences were highly significant (P Ͻ 0.0025; two-tailed t-tests). Data for 1-year-old animals were available for the BALB/cJ and C57BL/6-c 2J strains (Fig. 3B) . The frequency of TUNEL ϩ profiles in the INL remained low. The frequency of TUNEL ϩ cells in the ONL changed little in the BALB/cJ strain, remaining at low values (Ͻ1/mm). In both C57BL/6-c 2J substrains, however, TUNEL ϩ frequencies fell markedly from more than 4/mm to less than 1/mm. This eliminated any difference in photoreceptor death rates between the C57BL/6-c 2J strains and the BALB/cJ strain or the adult C57BL/6J strain. 16 The degenerative process in the C57BL/6-c 2J strain thus seems to stop between 2 and 12 months, leaving many surviving photoreceptors (Fig. 1H) . This confirms the conclusions of Danciger et al. 2 and LaVail et al. 17 that the late adult retina in this strain is not actively degenerating.
FGF-2 and GFAP Protein Levels
In the control C57BL/6J strain, FGF-2 levels in midperipheral retina were low, except in the cell bodies of Müller cells in the INL (Fig. 4A ) and in the nuclei of astrocytes at the ILM (confirming previous reports in unstressed retina 16, 18 ). GFAP levels were high only in astrocyte processes at the ILM (right panel in Fig. 4A, confirming Ref. 16 ). In the C57BL/6-c 2J mouse (Fig.  4B) , FGF-2 levels were raised in Müller cell somas in the INL and in the cytoplasm of photoreceptors in the ONL. GFAP was prominent in the radially oriented processes of Müller cells (Fig  4B, right) . In the BALB/cJ mouse (Fig. 4C) , both FGF-2 and GFAP levels were raised, compared with the C57BL/6J.
When FGF-2 signal levels in the ONL and INL were quantified (Figs. 5A , 5B) FGF-2 levels in the C57BL/6-c 2J strain proved significantly higher than in the stock C57BL/6J strain in both the INL and ONL (P ϭ 0.001, P ϭ 0.00004, respectively; two-tailed t-tests). FGF-2 levels were also significantly greater in the BALB/cJ strain than in the C57BL/6J strain (P ϭ 0.000036) in the ONL, but not in the INL (P ϭ 0.07).
Because the upregulation of GFAP in Müller cells occurred within the narrow processes, we devised the semiquantitative analysis shown in Figures 5C and 5D . For three animals in each group, GFAP immunofluorescence was quantified along a transect that passed along the INL (e.g., between the black and white arrows in Fig. 4B) . A GFAP ϩ Müller cell process shows in these graphs as a peak. GFAP levels were markedly higher in the C57BL/6-c 2J strain than in the C57BL/6J stock (Fig. 5C ). The technique also detected (Fig. 5D ) the raised level of GFAP in the BALB/cJ strain apparent to inspection of Figure 4C .
The Thickness of the C57BL/6-c 2J Retina
The thickness of the retina and two of its layers was assessed in three groups of animals aged P56 to P83, P125 to P153, and older than P365. Three measures of thickness were recorded: the distance between the ILM and the OLM, the thickness of the INL and the thickness of the ONL. Present data (Table 1) show no trend for the C57BL/6J-c 2J retina to thin with age in any of these parameters (confirming previous reports 1, 2 ). There was also no trend for the ONL to be thinner in the C57BL/6-c 2J retina than in either control. To control for the possibility that the thickness of the C57BL/6J-c 2J ONL was artifactually increased by the obliquity of the section, the ONL-to-INL thickness ratio was calculated. Where degeneration occurs preferentially in photoreceptors, this ratio should decrease, independent of the angle of section. As Table 1 shows, this ratio was not lower in the C57BL/6-c 2J retinas than in the age-matched controls.
The ERG in the C57BL/6-c 2J Retina
Representative responses to a series of flashes of increasing intensity are shown in Figure 6A In the young adults, a-wave amplitudes in the albino (BALB/ cJ) and pigmented (C57BL/6J) control strains were significantly Measures were made of the thickness of the whole retina, from the inner to the outer limiting membranes (ILM-OLM), and of the INL and ONL. Data are mean thicknesses expressed in micrometers Ϯ SD.
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Stationary Loss of Function in the C57BL/6-C 2J Mouse Retina 2009 larger than in either C57BL/6J-c 2J strain. The amplitude of the a-wave was greater in the albino control strain (BALB/cJ) than in the C57BL/6J-c 2J strain over the full intensity range used, and the difference was significant (P Ͻ 0.05; 2-tailed t-test) at flash intensities above ND 4.3 ( ϭ 546). The a-wave amplitude in the pigmented control (C57BL/6J) was also greater than in the C57BL/6J-c 2J strains at intensities higher than ND 3.3 (P Ͻ 0.004). We also noted a difference between the two control strains, the a-wave being smaller in the C57BL/6J control than in the BALB/cJ at lower intensities (P Ͻ 0.05 at intensities less than ND 3.7), and larger at higher intensities (P Ͻ 0.02 at intensities greater than ND 3.0). The amplitude of the b-wave was also greater in the control strains than in the C57BL/6J-c 2J strains (Fig. 7B ) and the differences between each control and each C57BL/6J-c 2J strain were significant (P Ͻ 0.009 for all intensities). The differences between the two C57BL/6J-c 2J strains were not significant. The b-wave was larger in the C57BL/6J pigmented control than in the BALB/cJ albino, the difference being significant at the two highest intensities used (ND 1.4, 0.7). The peak latency of the a-wave varied with coat color, being shorter in the two albino strains (BALB/cJ and C57BL/6J-c 2J Tyr/ ϩ ; Fig. 7C ) at higher intensities. The albino/ pigmented differences were significant (P Ͻ 0.001) at stimulus intensities of ND 3.3 and greater. Differences between the two albino strains were not significant. Latencies were shorter in the pigmented C57BL/6J control than in the C57BL/6J-c
2J
Tyr/ ϩ , and the differences were significant (P Ͻ 0.05) at intensities of ND 5 and greater.
In brief summary of the young adult data, the amplitude of a-and b-waves was lower in C57BL/6J-c 2J strains than in the control animals, independent of coat color, whereas the latency of the a-wave varied with coat color, being shorter in the albino, independent of the C57BL/6J-c 2J mutation. In the older adults, the amplitude of the a-wave in the albino BALB/c control was significantly reduced from its young adult values (P Ͻ 0.05 on a two-tailed t-test for attenuation of 4 log units or less) and was no longer greater than in the C57BL/6-c 2J strains. The b-wave was correspondingly reduced in (Fig. 7E) .
By contrast, the amplitudes of the a-and b-wave in the C57BL/ 6-c 2J were not significantly lower in the older group, when compared with young adults of the same strain (compare Figs. 7D with 7A and 7E with 7B; P Ͼ 0.05 at all attenuations). The relationship between coat color and a-wave latency noted for the young adults (shorter in albinos) also held for the older animals (Figs. 7C, 7F ).
DISCUSSION
Duration of Degeneration of the C57BL/6-c 2J Retina
The present data show several degenerative features in the C57BL/6-c 2J retina. In the juvenile and young adult, photoreceptor death occurred at significantly higher rates than in BALB/cJ or C57BL/6J controls (Figs. 2, 3) , the expression of stress-inducible proteins (FGF-2, GFAP) increased (Figs. 4, 5) , and the ERG was markedly reduced (Figs. 6, 7) . Present data also provided evidence that by late adulthood (12 months) the process of degeneration had stabilized. Photoreceptor death rates were as low as in BALB/cJ or C57BL/6J strains (Fig. 3) , the ONL was not significantly thinned compared with the BALB/cJ, the ERG had not declined from young adulthood, and the retina appeared structurally intact (Fig. 1) .
Although most photoreceptor degenerations are progressive, nonprogressive (stationary) forms have long been recognized. Many are heritable and involve loss of rod vision and are therefore known as congenital stationary night blindness (CSNB). The genetic causes of CSNB vary and occur through autosomal dominant, autosomal recessive, and X-linked modes of inheritance. 19 Two causative genes (CACNA1F and NYX) for X-linked CSNB have now been identified through positional cloning strategies and are known as the complete (CSNB1) and incomplete (CSNB2) forms, respectively (based on the extent of b-wave involvement). The calcium channel (CANCA1F) gene encodes the retina-specific calcium channel ␣1-subunit 19 -21 and may have a role in mediating glutamate release from photoreceptors. 22 The nyctalopin (NYX) gene is thought to have a role in transmission from photoreceptors to ON-bipolar cells (depolarizing bipolar cells) or a role in organization of protein complexes involved in this pathway. [23] [24] [25] [26] Other forms of CSNB described in human pedigrees cosegregate in an autosomal dominant manner and include mutations in the ␤-subunit of rod cGMP, 27 the ␣-subunit of rod transducin, 28 and the rhodopsin molecule. 29 -31 CSNB is thus a heterogeneous category of diseases, with variability in the mode of inheritance, the gene involved, and in the mutations that occur in the same gene. For example, more than 20 different mutations in CACNA1F have been described as causing CSNB. 19 Three murine models of CSNB have been reported. The nob mouse defect, recently attributed to a mutation in NYX, 26 is thought to provide a model for the complete form of X-linked CSNB (CSNB1). In the nob mouse, 32 retinal structure and the a-wave of the electroretinogram appear normal, but the b-wave is greatly reduced, indicating a failure of photoreceptor transmission to rod bipolars. The second model is an arrestin knockout, which Chen et al. 33 suggest is a model of human Oguchi disease, also considered a form of CSNB. The third model expresses the G90D rhodopsin mutation reported in humans by Sieving et al. 31 It is characterized by raised scotopic thresholds and minimal rod cell loss. 33 Given that G90D rhodopsin was shown to activate transducin independent of light, 34 "constitutive activation" is proposed as the mechanism by which the rod photoresponse is desensitized. 33 Present data suggest that the C57BL/6-c 2J mouse is a naturally occurring model of CSNB. It appears to be distinct from the nob mouse, in which the a-wave is unaffected but the b-wave is severely reduced and inheritance is X-linked, and distinct from the arrestin knockout, in which the degeneration of the ONL is progressive. It shares similarities with the G90D rhodopsin mutation in that visual thresholds are elevated and cell loss is minimal. The mechanisms leading to the c2J phenotype are yet to be investigated.
Patterns of Age-Related Photoreceptor Death
Several recent reports have compared photoreceptor death in C57BL/6J and BALB/cJ strains, 2, 36, 37 noting that rod loss occurs throughout adult life in both strains but is faster in the BALB/cJ. This difference in the rate of photoreceptor loss has formed a phenotype for the identification of genes controlling the difference. 37 Present data for the C57BL/6-c 2J strain suggest a distinctive pattern of age-related photoreceptor death, characterized by high early rates and low adult rates of photoreceptor death, early decline, and late stability of the dark-adapted ERG and early upregulation of protective factors. This distinct phenotype may be of use in the identification of genes controlling the stability of photoreceptors.
Cause of C57BL/6-c 2J Degeneration
The C57BL/6-c 2J variant was first recognized as an albino variant in the Jackson Laboratories, 38 and became of interest when LaVail et al. 1 reported that its photoreceptors are more resistant to light damage that those of other albino forms, such as the BALB/cJ mouse. That resistance is independent of coat color (the tyrosinase mutation), however, and has been shown to arise in large part from a leu450met substitution in RPE65, which originates from the C57BL/6J background, 2, 5 not from a mutation unique to the C57BL/6-c 2J strain. The present finding that the C57BL/6-c 2J retina is degenerative from the critical period to young adulthood and then becomes highly stable is novel. Both pigmented (Tyr/ ϩ ) and albino (Tyr/Tyr) substrains of the C57BL/6-c 2J mouse were tested. Both showed excess photoreceptor degeneration, raised levels of stress-induced proteins, early loss of ERG amplitude, and late stability. These patterns of photoreceptor instability and stability in the C57BL/ 6-c 2J retina thus appear to arise from a mutation that is independent of the tyrosinase mutation and remains unknown.
